In this paper we investigate the effects of visible to near infrared (NIR) laser illumination on the optical transmission (OT) and morphological (MC) alterations of thin, curved surfaces of polycarbonate (PC). The second harmonic of Nd:YAG laser (532 nm) and two diode lasers (665 and 980 nm) were used as illuminating sources. The morphological changes of the PC surfaces are determined using atomic force microscopy (AFM), demonstrating the appreciable changes caused by shorter wavelengths (higher energy). When analyzing the OT spectra of PC thin films, a measurable decrease in the OT of the PC samples which were illuminated by 532, 665 and 980 nm, in particular 532 nm, for energy densities greater than 25 J/cm 2 can be seen.
INTRODUCTION
Polycarbonate (PC) is a product of a linear polycondensation reaction, which has a regular structure. Dependent on the moulding conditions, it can be in the crystalline or amorphous state. Only the amorphous polymer has inherently acceptable optical properties [1, 2] . Amorphous PCs have been extensively used to replace the conventional engineering materials (i.e. glasses, metals, etc.) in a wide range of applications such as optical lenses and eye wears [3] . As a result of their excellent breakage resistance, the PCs have been considered as a beneficial replacement for many products, such as automobile headlamps [4] .
Bisphenol-A polycarbonate (BPAPC) is one of the foremost types of PCs for the production of various transparent materials, however, factors such as sunlight, humidity and oxygen can degrade the quality of the PCs [5] . When exposing thin surfaces of PC to UV radiation, the polymer exhibits some losses in mechanical properties in addition to changes in optical properties [6] - [10] . Diepens, et al. have performed extensive research on the effect of UV light on BPAPC quality with particular attention being paid to the degradation mechanism at the molecular level [11] . Furthermore, due to the fact that PC is a soft material, it can be easily scratched. Therefore, in many applications in order to improve the mechanical properties of polycarbonate, a deposition of anti-scratch coating on polycarbonate surface is necessary to protect the surface against common handling scratches. SiO 2 is coated on the inner surface of our samples as an anti-scratch layer to enhance the mechanical properties [3, 12, 13] . Extensive investigations regarding anti-scratch coating materials, methods and effects of UV photons on them have been undertaken [14] - [16] . However, studying the influence of coherent illumination, particularly visible to infrared, on the optical properties and the morphology of coated PCs has remained a subject of interest. For this purpose, the second harmonics of ND:YAG (532 nm) and two diode lasers (665 nm and 980 nm) have been employed as illuminating sources.
INTERACTIONS BETWEEN POLYCARBONATES AND LASER BEAMS
Effects such as photo-thermal and photo-chemical ablation or their combination may occur when a polymer is illuminated by a coherent beam [17] - [20] . Ultra-violet photons have sufficient energy to break chemical bonds causing photo-chemical ablation. Additionally, if the surface is irradiated by infrared photons, thermal effects due to the oscillation mode of the molecules may occur. In this case, polymer excitation may happen but dissociation would not occur in monomers. By prolonging the exposure time, collisions between the irradiated monomers and surrounding environment occur. Some monomers could even be ejected due to the photon energy transfer process. However, they would not escape from the cohesive energy between monomer units and may simply produce irregularities at the polymer surface [17] - [20] .
The accumulated laser beam dose at the PC surface is given by Eq. (1):
where, I(t) is the laser beam intensity and A(t) is the dynamic absorption coefficient function of the polycarbonate. When the beam incident dose approaches a critical value, polycarbonate surface can be damaged, leading to confinement at the surface.
Sample preparation
The illuminated samples were conventional Bisphenol-A polycarbonate (BPAPC). The length, width and depth of these samples were 20 mm, 20 mm, and 2 mm, respectively. The conformational structure and intermolecular arrangement of the BPAPC is represented schematically in Figure 1 .
The anti-scratch coating was fabricated by plasma-enhanced chemical vapor deposition on the polycarbonate surface. This technique provides a transparent and very thin (approximately 4000 nm) layer. We prepared identical samples, cutting from a curved sheet. The radius of curvature of the curved PC sheet was approximately 6 cm. The thickness of sample is about 2 mm. Ultrasonic cleaning was applied for 15 minutes to clean the surface of these samples. Among our samples, we consider the one which is not exposed to laser beam as the "index" sample.
Light sources and optical instruments
The continuous wave visible lasers used in this study are the second harmonic of Nd:Yag laser (532 nm, green) and an AlGaInP diode laser (665 nm, red). The output power and beam diameter of the second harmonic of Nd:Yag laser is 130 mW and ∼ 1 mm, respectively. Using a 10× beam expander, the area cross section becomes ∼ 0.695.
The red diode laser emits 665 nm nearly TEM00 beam with beam diameter of ∼ 2 mm. Its output power is 155 mW. Us- ing a 5× beam expander (two Plano-convex lenses of 7 and 35 mm), the area cross section of this diode laser becomes ∼ 0.695 ( Figure 2 ).
The third illuminating source is an infrared InGaAsP diode laser. It emits 980 nm near TEM00 beam and the output power is 140 mW. The output beam diameter at the aperture of the laser is ∼ 2 mm and the angle of divergence is less than ∼ 1.1 mrad. Using a 5× beam expander, the area cross section of this diode laser becomes ∼ 0.695.
To compare the effects of these three laser beams on the OT and the morphology of polycarbonate surfaces, the incident dose was considered as a key factor. Incident dose is the multiplication of power density (P/A) and time of illumination. The time of illumination for 532 nm, 665 nm, and 980 nm beams are 90 sec, 75.5 sec, and 83.5 sec, respectively. It provides an incident dose of 16.80 J/cm 2 . In following experiments, we have increased the incident dose by factor of 1.5 and 3 by changing the spot size of lasers beams (using different beam expander) or irradiation time. The information regarding the lasers spot size for various energy densities (16.8 J/cm 2 , 25.2 J/cm 2 and 50.30 J/cm 2 ) are tabulated in Tables 1-3. A Spectrophotometer model "Cary 500 Scan" was used to characterize the effects of various wavelengths on OT. Additionally, changes in surface morphology were studied using atomic force microscopy (Instrument model "Nano surfmobile S").
RESULTS AND DISCUSSION

Transmission spectra
Photo-degradation of each PC surface was monitored using Cary 500 Scan UV-IR spectrophotometer (200-1400 nm). The OT of the samples are dependent on the incident dose. It is controlled by the output power of the radiation source, the irradiation area and the time of exposure. The OT spectra of all samples (index and illuminated) for energy density of 16.80 J/cm 2 are shown in Figure 2 . The changes in the OT of the illuminated samples are much more significant compared with the index samples. Peaks and troughs in the index and illuminated samples spectra exhibit interference effects due to the thin SiO 2 layer coating on the polycarbonate surface. As is demonstrated in Figure 3 , the amplitude and location of these fluctuations (ripples) can be shifted or changed depending on the laser irradiation. In Figure 4 , the weakest bond is CH2-C (∼ 4 × 10 −19 J) followed by O-CO [21] . The dissociation energy of the C-C bond in benzene rings is twice that of these two chemical bonds. These values of dissociation energy confirm that the 532 nm laser, with photon energy of 4 × 10 −19 J, is able to cleave the CH2 side chain from the polycarbonate spine. By illuminating the surface with 532 nm (green), chain cleaving occurs and because of the resulting oxidation, the C/O ratios of the illuminated polycarbonate is slightly lower than that of the index sample. As a result of chain cleaving, the Si atom of the coating layer has the opportunity to form a bond with a carbon atom located between two benzene rings. Therefore, Si-C bonds are being formed at the interface of the SiO 2 layer and the polycarbonate surface. Furthermore, a Si atom can form a very weak bond with an oxygen atom of the carbonate group. The laser can break the Si-O bond at the interface of the polycarbonate and Sio 2 layer. Consequently, visible laser beams are at their most effective at the interface of the coated layer and the polycarbonate surface. All of these phenomena can cause changes in the thickness of the coated layer, its refractive index and the morphology of the sample surface. Moreover, in the laser interaction with the polycarbonate, thermal effects can occur by non-resonant excitation of vibrational and rotational modes in polycarbonate [22] - [24] . These thermal effects can cause deformation in the polymer surface. The results are given in more details at Table 1 .
Next, the energy density was increased to 25.20 J/cm 2 . The spectra of the OT factors for all illuminated samples and for the index samples are presented in Figure 4 . When comparing Figures 3 and 5 , the dependence of OT and its fluctuations with energy density and wavelength are readily seen. The decrease in the OT factor of all illuminated samples is much more pronounced in comparison with the previous case, which can be attributed to surface damage of the samples. Following the same protocol, a summary of the effects of three lasers with energy density of 25.20 J/cm 2 for three regions of wavelengths are given in Table 2 . Again, the 532 nm laser beam is the most effective and 980 nm is the least effective light source for creating a change in the OT factor. At two wavelengths (1053 nm, 1328 nm), significant changes can be detected for all illuminated samples when compared with the index sample.
Finally, the energy density was increased to 50.30 J/cm 2 . As is shown in Figure 6 , the OT factor has the largest decrease compared with the previous cases. In accordance with the previous protocol, a summary of results is given in more details in Table 3 .
One of the important phenomena that clearly visible from Figures 3, 5 and 6 is the decrease of the transmission accompany with a slight shift of transmission peak toward higher wavelength for samples that are irradiated by IR laser. Regarding a PC monomer structure, it is clear that in analyzing its NIR spectrum, the vibrational motion of C=O, CH3 and CH aromatic groups must be considered. It is best explained by the local mode approximation [25] - [27] .
The local mode model predict the second, third and fourth harmonics of the CH3 stretching bonds (∆ν = 2, 3 and 4) at 6000 cm −1 , 8500 cm −1 and 11000 cm −1 . The third harmonics of C-H stretching bond is observed approximately at 11500 cm −1 in the NIR spectrum of PC [25] . Therefore, exposing PC material by visible to near infrared coherent beam may cause chemical changes on the surface structure. Additionally, a decrease in optical transmission and a slight shift toward higher wavelength can be detected in PC spectra due to the mode excitations [25] - [27] .
Another phenomenon which is observed in Figures 3, 5 and 6 relates to the fluctuation on transmission spectrum of index sample. It is out of phase compared with the fluctuation in OT spectra of other samples that are irradiated by lasers. It can be related to an alteration in their thickness due to the laser irradiation [28] - [33] . The morphological alterations in a layer thickness due to the laser irradiation is discussed in Section 3.2.
Morphological characterization
The morphological characterization of surfaces can be illustrated using atomic force microscopy-AFM images. The modifications of PC surfaces illuminated by 532 nm, 665 nm and 980 nm beams (ID: 50.30 J/cm 2 ) and the index sample (without irradiation) are shown in Figure 7 . The roughness value of a surface can be determined by S a , S q , S p , S v , S y and S m which are the arithmetical mean height of the surface, the root mean square height of the surface, maximum peak height of the surface, maximum depth of valleys, range difference between the peak and the valley value and the mean value of roughness, respectively. These parameters are given by following standard equations:
As is shown in Figure 7 , there is no significant difference between the surface morphology of the index sample and the one irradiated by IR (laser emitting 980 nm). However, as the photon energy increases, the changes in the surface morphology become more pronounced.
CONCLUSIONS AND SUMMARY
We have shown that visible light can influence the surface roughness of thin PCs as summarized in Tables 4-6 . The OT factor of the illuminated samples is decreased. As was envisaged, shorter wavelengths (higher photon energy) cause greater modifications to the surface morphology. By increasing the energy density, the roughness factor of the illuminated samples was increased. The appearance of more fluctuations in the OT spectra of illuminated samples (particu-Transmission spectra region/16.80 J/cm 2 200 nm-500 nm 500 nm-1000 nm 1000 nm-1400 nm OT factor for all illuminated samples is decreased by 5% compared with the index sample. The OT of the sample illuminated by green has the least value but the fluctuation (ripples) in its OT is the minimum. The samples illuminated by 980 nm and 665 nm beams have almost similar changes in their OT values.
Effective changes could not be observed for samples illuminated by the red and near infrared laser beams. However, the effect of 532 nm green laser on OT factor is slightly more than the other sources.
At 1055 nm and 1328 nm, significant changes can be detected compared with the other wavelengths in the range of 1000 nm-1400 nm. The value of the OT has decreased for all illuminated samples. Transmission spectral region/ 25.20 J/cm 2 200 nm-500 nm 500 nm-1000 nm 1000 nm-1400 nm The OT factor of all samples illuminated by lasers is decreased. 532 nm laser causes the most significant changes in OT factor.
The infrared laser creates no significant changes in OT factor compared with the index sample. 532 nm and 650 nm lasers cause effective changes in fluctuations (ripples) seen in the OT spectra that could be related to microscopic changes in the surface roughness.
At 1055 nm and 1328 nm, more observable changes can be detected and the value of the OT has decreased for samples illuminated by 532 nm and 650 nm lasers. Transmission spectral region/ 50.30 J/cm 2 200 nm-500 nm 500 nm-1000 nm 1000 nm-1400 nm The green laser (532 nm) is the most effective in changing the OT factor of PC samples. The 980 nm laser is the least effective source. The effects of 665 nm laser between the two limits created by green and infrared lasers. The ripples in the OT factor are more significant compared with the previous cases.
The changes in the OT factor remains as was observed in the 200-500 nm range. The other significant effects are the peak of changes by green encountered by the anti-node of changes caused by the IR beam (opposite effects).
Green and red lasers (532 nm and 665 nm) have similar effects on the OT factors. These effects are more pronounced at 1055 nm and 1328 nm. The effect of the IR beam (980 nm) on the OT is the least. At 1390, a considerable change in OT can be seen. This change can be even detected in two previous incident doses for this particular wavelength. larly at higher energy densities) which can be related to the roughness of the surface as is shown in Figure 7 was another result of interest. At an energy density of 16.80 J/cm 2 ripples start to appear, however, by increasing the energy density to 25.20 J/cm 2 and 50.35 J/cm 2 , the amplitude of the ripples is increased, suggesting strong dependence on photon energy, time of exposure, and beam diameter.
In conclusion, surface morphology and the optical quality of PCs surfaces is shown to be related to many factors. Nevertheless, illuminating these surfaces with lasers emitting photons with wavelengths less than 532 nm and energy densities higher than 50.00 J/cm 2 can increase the surface roughness and decrease the OT factor.
